INTRODUCTION
Research in the last decade has consistently demonstrated that viruses have high abundances (10 6 to 10 10 ml -1 water or cm -3 sediment), outnumber prokaryotic densities by an order of magnitude, and contribute significantly to both microbial and phytoplankton mortality (Wilhelm & Suttle 1999 , Wommack & Colwell 2000 . Consequently, viruses are now considered to be ubiquitous and integral parts of aquatic food webs (Wommack & Colwell 2000) . Viral communities have been shown to have profound effects on biogeochemical cycling, microbial loop dynamics, and potentially host diversity (Fuhrman 1999 , Weinbauer & Rassoulzadegan 2004 , Hambly & Suttle 2005 .
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It has been hypothesized that viruses are the sole predators of prokaryotes in hot spring environments, due to the extreme temperatures which prohibit growth of eukaryotes as well as many prokaryotes (Breitbart et al. 2004) . In this context, the effect of viral communities on bacterial and archaeal population densities and function may be amplified accordingly (Breitbart et al. 2004) ; therefore, these environments can and should serve as models for studying community dynamics. Very little is known about viral populations in extreme environments and the potential role they play in regulating community dynamics; to date, only one other study has examined the total 'free' viral community and its effects on the indigenous microbial community (Breitbart et al. 2004) .
Several different techniques and experimental approaches have been developed to assess viral production (Wilhelm et al. 2002 , Hewson & Fuhrman 2003 and decay (Heldal & Bratbak 1991 , Bratbak et al. 1992 . The technique that most directly assesses viral production removes viruses from the sample and retains infected prokaryotes, some of which may lyse over the period of incubation. Changes in viral abundance are observed and used to calculate the production of the viral component of the community. Viral decay can be used as a measurement of production, given the assumption that replacement of viruses in the community is equal to the number of viruses lost to decay, and can be measured by inhibiting biological activity. The estimation of decay in this matter is a measurement of production, albeit indirect, and as such can be compared to production estimates.
The goal of the present study was to evaluate viral and prokaryotic communities, and determine the role viruses play in hot spring communities; specifically of interest was the contribution of viruses to the turnover of bacterial communities. Viral production and relative contributions of water vs. sediment/microbial mat material as sources for new viruses were determined. Our results indicate that viruses in these hot spring environments are abundant, active, and play a significant role in the regulation of prokaryotes.
MATERIALS AND METHODS
Study site, characteristics, and sample collection. All of the study springs were located within the Alvord Desert Basin, in the southeastern corner of Oregon, USA. Alvord is part of the great basin region of the United States and consists of 3 hydrologically distinct basins: Alvord, Borax, and Mickey. The northernmost basin, Mickey, has approximately 57 features; 3 thermal springs at Mickey were sampled in January 2004: Tinky Winky (average temperature = 62°C, average pH = 8.0); Yellow Pot (average temperature = 61°C, average pH = 7.1); and Hot Source (average temperature = 94°C, average pH = 8.5). Borax is the southernmost basin and is composed of approximately 250 features. Four springs (Nos. 6 to 9) were sampled in April 2004: No. 6 (average temperature = 77°C, average pH = 6.8); No. 7 (average temperature = 88°C, average pH = 7.2); No. 8 (average temperature = 60°C, average pH = 7.0); and No. 9 (average temperature = 96°C, average pH = 7.3). Water and sediment/mat samples were collected from all of the springs. Water was collected using metal tongs and sterile graduated cylinders. Sediment/mat was collected from the upper depths of the spring (<10 cm) with metal tongs and modified falcon tubes (bottom aseptically removed), enabling the collection of sediment/mat samples without overlying water. Samples were placed into vials containing either glycerol (final concentration 25%) or glutaraldehyde (final concentration 2%) for prokaryotic and viral assessments, respectively. Glycerol was the preservative of choice because studies have shown that samples can be thawed and frozen several times without influencing their physiological activity (Williams et al. 1998 , Howard-Jones et al. 2001 ); additionally, long-term preservation in alcohol or aldehyde solutions are known to damage cell membranes and thereby decrease cell counts (Decamp & Rajendran 1998) . Sample vials were flash frozen and stored in liquid nitrogen until further analysis (Wen et al. 2004 ). More detailed information regarding the Alvord Basin is available at www.uidaho.edu/biogeochemistry. Direct counts of prokaryotes and virus-like particles. Virus-like particles (VLP) were enumerated using epifluorescence microscopy following staining with Yo-Pro-1, as described previously (Hennes & Suttle 1995) . Sample aliquots (2 to 4 ml) were added to centrifuge tubes containing 5 ml of 0.02 µm filtered 10 mM sodium pyrophosphate and 5 mM EDTA in Nanopure water (2% glutaraldehyde already present in storage of sample) within 72 h of sample collection. For each sample > 200 VLP in 10 randomly selected fields were counted with a Leica DMIRB fluorescence microscope equipped with a 100X UPLANFL NA 1.35 oil objective and Blue (excitation filter BP 470, dichroic mirror DM 500, and barrier filter BA 525) filter set. Prokaryotic cells were enumerated after staining with DAPI (60 µl added ml -1 of sample filtered; final concentration 3 µg ml -1
). In addition, unstained samples were visualized to ensure that background fluorescence was accounted for during total counts for both viruses and bacteria (1 filter per sample). Prokaryotes were visualized with a Wide UV filter set (exciter filter BP 340-380, dichroic mirror DM 400, and barrier filter BA 445).
Estimate of viral production. Production from lysis of attached prokaryotes was determined using methods modified from Hewson & Fuhrman (2003) . Sediment/ mat samples were prepared by first washing the sediment/mat with Nanopure water over a 10 µm screen, and then dried in an aluminum pan over a camp stove/oven at approximately 60°C for 1 to 2 h. The purpose of heating the material was to remove all of the porewater and associated bacteria and viral particles, such that when reconstituted with virus-free porewater, estimates of sediment-derived production could be made. Virus-free porewater (bacteria and viruses removed) was prepared as previously described (Hewson & Fuhrman 2003) . Dried sediment/mat was reconstituted with filtered porewater by agitation for 2 to 5 min; 100 ml of porewater was added to 40 g of dried sediment/mat. To determine if all prokaryotes and VLP were removed during the sterilization, sediment/mat samples (3 to 5 g) were collected prior to reconstitution and stored in glycerol vials for later analysis.
Production from attached and free-living prokaryotes was also determined using methods modified from Hewson & Fuhrman (2003) . Approximately 500 g of sediment/mat from each sampling location was prepared by first washing and then heating at approximately 200°C for 45 min using a camp stove/oven to kill all prokaryotes and viruses in the sediment/mat material. Portions of heat-killed sediment/mat were reconstituted with virus-free water (40 g into 100 ml) by agitation. This slurry was amended with 10 g of freshly collected non-amended sediment/mat from the same spring. This mixture was then mixed thoroughly in sterile Whirlpack bags.
Triplicate incubations for each of these preparations were conducted for samples from 1 spring from each basin (Tinky Winky from the Mickey Basin and No. 9 from Borax) in sterile Whirlpack bags. Incubations were conducted at in situ temperatures for 9 and 36 h for Tinky Winky and No. 9, respectively. Bags were incubated under natural conditions in the springs by attaching each one to a wooden pole that was placed over the spring. Samples from each replicate were collected at times 0, 3 and 9 h at Tinky Winky, and 0, 12, and 24 h at spring No. 9. Viral and prokaryotic abundances were determined using Yo-Pro-1 and DAPI staining. Viral production rates were determined from first-order regressions of viral abundance versus time for triplicate incubations. Viral turnover rates were estimated by dividing production rates by viral abundance for each sample (Wilhelm et al. 2002) . The percentage of prokaryotic cells lysed per unit time was calculated by dividing the rate of viral production by an assumed burst size of 20 viruses produced per lytic event (Noble & Fuhrman 2000 , Breitbart et al. 2004 , divided by total prokaryotic abundance.
Viral decay experiments.
Viral decay (decrease in viral concentration over time) was determined, based on previously described methods (Fischer et al. 2003) , after the production of new viruses was inhibited by the addition of KCN (final concentration, 2 mM). For this approach, one has to assume that the viral abundance in a system remains constant through time and that viruses from lysed bacterial cells replace viruses lost through decay. Sediment/mat slurries comprised 40 g of sediment/mat material placed in acid-sterilized Kimax 125 ml glass bottles. The bottles were incubated at in situ temperatures (in hot spring; see Fig. 1 ) and under in situ light:dark conditions. Samples (5 ml) were taken at 3 or 4 time intervals over a 24 h period. Prior to the removal of samples, the slurry was mixed. Each sample was immediately stored in 2% glutaraldehyde and flash frozen until it could be filtered and further analyzed. For these experiments, it was assumed that KCN would kill (i.e. inhibit cellular metabolism) all prokaryotic cells in the samples. The effectiveness of KCN at inhibiting bacterial production has not been thoroughly investigated in extreme ecosystems; to address this issue, bacterial abundance was determined in samples over the course of the decay experiment (9 or 24 h).
Mitomycin C experiments. Samples from the Alvord Basin were incubated with mitomycin C according to the methods of Jiang & Paul (1996 . Mitomycin C was added to 100 ml samples to a final concentration of 0.5 µg ml -1 . At each sampling point, sub-samples for prokaryotic and viral enumeration were taken. Negative control samples without mitomycin C were prepared and incubated simultaneously. The number of induced prokaryotes was estimated as the difference in viral abundance between the treatments divided by an assumed burst size of 20 viruses per cell (Noble & Fuhrman 2000 , Breitbart et al. 2004 .
RESULTS

Spring characteristics
Within the Borax basin, sequentially numbered springs typically differ from each other by approximately 15 to 30°C in temperature at the time of sampling (61 to 96°C). The springs within the Mickey basin varied in temperature from 61 to 94°C, and also exhibited varying amounts of visible mat material or sinters (chemical crusts that were deposited by the mineral spring; Fig. 1 ). All of the springs are hydrologically distinct. The springs in both basins have circumneutral pH and are characterized as sodium-bicarbonatechlorine type with high concentrations of arsenic (0.9 to 1.2 mg l -1 ) and borate (9.6 to 14.5 mg l -1 ; see www. uidaho.edu/biogeochemistry).
Prokaryotic and viral abundance
Total prokaryotic abundance in situ ranged from 3.57 to 9.48 × 10 5 cells ml -1 and viral abundance from 3.77 to 7.76 × 10 6 VLP ml -1 (Table 1) . Virus-tobacterium ratios (VBR) were calculated from abundance data and ranged from 4.81 to 18.87 (Table 1) .
The average for all of the springs sampled was 10.52 VLP per prokaryotic cell. There was no significant difference between the VBR ratios of the 2 basins sampled (ANOVA, p < 0.05). There was also no significant difference between ratios determined for water and sediment/mat samples (ANOVA, p < 0.05; data not shown). 
Viral production
The abundance of VLPs increased linearly with time in the 2 springs tested: Tinky Winky at Mickey basin ( Fig. 2A) and spring No. 9 at Borax (Fig. 2B ). Bacterial and VLP abundance and production rates were generally higher in sediment/mat samples than in water samples (Table 2 ). Viral turnover rates were similar within springs from each basin (1.00 and 0.98 h -1 for Mickey basin, 0.27 h -1 for Borax basin; Table 2 ). Assuming a burst size of 20, the resulting lysis rates were estimated as 9 to 26% removal of the total prokaryotic community h -1 .
Viral decay
Results from the decay time course experiments are shown in Fig. 3 . All experiments revealed similar patterns of decrease in viral abundance when viral production was chemically inhibited with KCN. The first series of experiments at springs within the Mickey basin (Hot Source, Tinky Winky, and Yellow Pot) was carried out for 9 h; decay rates in these springs ranged from 0.09 to 0.2 h -1 , which correspond to viral turnover times ranging from 5 to 11 h. Decay rates at springs within Borax basin (Nos. 6 to 9) ranged from 0.07 to 0.08 h Table 2 . Viral production, abundance, turnover, and the percentage of prokaryotes destroyed by viral lysis. Values for viral and bacterial abundance are the result of sampling during the production experiment (not whole, unaltered samples as in Table 1 ). Sediment (Sed.) evaluations are italicized rates were significantly higher when estimated based on production vs. decay data (ANOVA, p < 0.05). In order to address the issue of whether or not KCN would kill all prokaryotic cells equally, bacterial abundance was evaluated over time. Abundance decreased slightly (ANOVA, p < 0.05) in both experiments over time, when comparing t 0 and t final . Abundance was approximately 45 and 58% less than the total bacterial abundance determined from controls. A more direct estimate of the effectiveness of KCN would be bacterial production estimates, which were not undertaken in this study.
Induction of prophages by mitomycin C
The results of mitomycin C incubations are shown in Fig. 4 . Treatment of hot springs water with the DNAdamaging agent resulted in significant decreases in overall optical density in the spring water samples (Fig. 4A) , decreased prokaryotic counts (Fig. 4B) , and increases in VLP numbers (Fig. 4C) , compared with control incubations. These results were attributed to phage production as a result of induction and lysis of lysogenic prokaryotes. From this, it is estimated that between 18 and 21% of the prokaryotes present at the start of the incubation were lysogenic (Borax: No. 6, 18.07%; Mickey springs: Tinky Winky, 18.46% and Yellow Pot, 21.26%). 
DISCUSSION
The results presented here demonstrate that freeliving viruses are ubiquitous and abundant (in excess of one million ml -1 ) in hot spring sediment/mat material and in overlying hot spring water, regardless of the temperature of springs sampled (61 to 96°C). VLP abundance was lower than reported for other aquaticsediment environments including freshwater (Maranger & Bird 1995 , Danovaro et al. 2002 , yet was similar to abundances determined for similar extreme ecosystems (Breitbart et al. 2004 , Weinbauer 2004 . However, the VBRs determined for all of the springs sampled were the same order of magnitude as those previously reported for sediments (Maranger & Bird 1996 , Drake et al. 1998 , Hewson et al. 2001 . There was no correlation between abundance of prokaryotes or viruses and spring temperature, but rather it appeared that regardless of the spring sampled, both population densities were statistically similar (ANOVA, p = 0.4 and 0.8 prokaryotes and viruses, respectively).
While the overall numbers of VLPs were similar at springs sampled in Borax and Mickey basins, production measurements at Tinky Winky were significantly higher (ANOVA, p < 0.05) than at spring No. 9. Differences in the production rates are not likely attributable to geochemical parameters, as waters from different springs within and between these basins exhibited remarkably coherent chemical characteristics, in spite of variations in temperature. The lower rates measured at spring No. 9 may be a reflection of the temperature difference between the springs evaluated; No. 9, with an average temperature 30 to 35°C hotter, displayed lower total viral and prokaryotic densities and production rates. Despite variations, production estimates reveal that viruses are actively produced and account for a significant percentage of prokaryotic mortality.
Assuming an estimate of 20 VLP per infected bacterium (Noble & Fuhrman 2000 , Breitbart et al. 2004 , viruses in this ecosystem were determined to cause lysis of an average 9.5% (No. 9) and 21.7% (Tinky Winky) of prokaryotic cells h -1 (sediment and water), similar to viral production rates previously reported for sediments (10 to 20% h -1 ; Danovaro & Serresi 2000 , Hewson & Fuhrman 2003 .
In addition to direct measurements of production, a method for evaluating viral decay was employed (Heldal & Bratbak 1991) . This method estimates production indirectly by assuming a balance of viruses in the system (viruses produced from lysed prokaryotes and lost through decay). Based on this approach, decay rates measured at both basins (Mickey and Borax) were not significantly different (ANOVA, p = 0.07), ranging from 0.07 to 0.20 h -1 , with average turnover times of 8.70 and 13.36 h for the viral populations within the Mickey and Borax basins, respectively. Both approaches for determining viral production and prokaryotic turnover rates have limitations which are addressed in the literature (Wommack & Colwell 2000 , Hewson & Fuhrman 2003 .
While lytic viral population size and infectivity are important metrics to consider in understanding microbial community dynamics, lysogenic viruses also contribute to bacterial production, diversity, and overall community structure (Weinbauer 2004) . Lysogeny is important to evaluate in natural ecosystems, not only because of the potential for eventual cell lysis, but also because of results suggesting that prophages may confer competitive advantages to prokaryotic hosts. Specifically, infected host cells may exhibit more rapid replication rates (Edlin et al. 1977) , exhibit prophage-encoded antibiotic resistance (Smith 1972) , or utilize other virulence factors carried by the virus (Barondess & Beckwith 1990) . In the present study, mitomycin C induced lysis of 18 to 21% of the prokaryotic community. Because not all lysogens can be induced with mitomycin C, these results represent a conservative estimate of lysogenic prokaryotes. This study falls within the range reported previously for natural communities -0.07% (Weinbauer & Suttle 1996) to 80% (Ortmann et al. 2002) induced by mitomycin Cand indicates that lysogeny is important in extreme ecosystems.
CONCLUSIONS
While many aquatic environments have been analyzed for viral abundance and dynamics, hot spring systems have only recently been investigated with respect to free-living viral populations (Breitbart et al. 2004, present study) . Results of both of these studies support the conclusion that viruses are abundant and active in thermal environments. This study clearly demonstrates that both mat-derived and overlying water viral communities are important members of hot spring ecosystems, contributing significantly to prokaryotic loss and turnover. These studies raise interesting questions regarding the effect of viruses on microbial diversity and community structure, especially in an environment with a simplified food web, where direct effects of viruses on microbial populations should be magnified.
